DIAMOND ORDNANCE FUZE LABORATORIES
INTRODUCTION
One of the more perplexing problems arising with the use of transistors as active elements in amplifier circuits is that of gain variations with temperature.
Although many theoretical studies have been made and equations developed by various investigators (ref 1, 2) that indicate the temperature dependence of the intrinsic parameters of a transistor and under what conditions improvements could, fee expected, this temperature dependence is inherent in the materials, physics, and design of the device and cannot be readily corrected without, degrading other performance characteristics. Although considerable improvement in the gain stability of transistor amplifiers is obtained with various temperature-compensating techniques (ref [3] [4] [5] and devices (such as thermistors, temperature-sensitive diodes, and degenerative feedback), the need for additional improvement still exists. Hence, the recent work by Schmeltzer (ref 6) , showing that additional gain stability can fee obtained when a given relationship is maintained between circuit elements and the temperature-dependence smallsignal parameters of the transistor, is of considerable interest. His work, unfortunately, was limited in scope to a common-emitter amplifier circuit using an emitter resistance as the degenerative feedback.
The present investigation was initiated to develop a more generalized design equation expressing the relationship that should be maintained between circuit elements and transistor parameters for minimum gain variations over wide temperature ranges and that would be valid for any network configuration. To simplify the development of the overall voltage gain (A), the variation of which is to be minimized with respect to temperature changes, the general network in figure 1 is subdivided into four subnetworks as • indicated in figure 2 . From the equations relating the currents and voltages of the subnetworks, the terminal characteristics of each can be obtained and, if properly combined, the overall terminal characteristics %nd voltage gain equation of the general network derived.
Terminal Characteristics
Starting with the individual ap'jnetworks (A,B,C, and D), the characteristic equations describing the terminal behavior are:
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The subnetworks are now combined as shown in figure 3 .
Beginning with the series combination shown in figure 3a it is apparent that
and if the indicated operations of equations (17) and (18) 
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Finally, subnetworks A and BCD are now cascaded as shown in figure 3c where the characteristic equation for each subnetwork is expressed as 
and 
Finally, in order to express the gain in terms of temperature dependent transistor equivalent circuit parameters, it is necessary to substitute for the black-box a specific transistor equivalent circuit. With common-emitter orientations predominating in amplifier circuits, further development will be confined to the common-emitter hybrid-Tf equivalent circuit (ref 8) shown in figure 4 . To simplify the development for the terminal characteristics, in terms of the equivalent circuit parameters, the hybrid-rr representation is generalized to that*in figure  4b where 
If the ypper frequency is now limited to that below which all reactive effects can be ignored and assuming that r » r r r b'c bb" b'e' ce (ref 9) the equivalent circuit will reduce to that in figure 4CL and the terminal parameters, in terms of the equivalent circuit parameters, become z = r + r 11 bb' 
The generalized design criteria are now considered for three special cases where various combinations of Z , Z , Y , and Y_ are r r g a f equal to zero.
Special Cases
Case I: ( 
.where
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By utilizing the temperature coefficients To establish the validity of the developed design criteria, aif experiment was performed to determine the voltage-gain stability over wide temperature ranges for various degrees of mismatch relative to the design criteria.
Method
Employing the monitoring techniques and environmental controls as indicated in figure 5 , the voltage gain was measured for the transistorized amplifier circuit shown in figure 6 (special case III) , from -50 C to 90 C and at frequencies of 10^100, and 500 kc. Prior to any measurement of the voltage gain, a minimum of 30 min was allowed for temperature stabilization of the transistor junction once the desired environmental temperature had been reached.
To ascertain the effect of mismatch, Z was varied to discrete values of 200, 1000, and 488 ohms, the latter befng determined from the design criteria equation (120) The results obtained for the signal frequencies of 10 and 500 Ic were L almost identical with those in figure 7 . The small differences could be attributed to experimental error in measurement, thereby validating the assumption made earlier that reactive effects could be neglected over the frequency band of 10 to 500 kc for this transistor.
It should be noted that the gain variations, shown in figure 7 .have been normalized and hence are independent of system gain. The average voltage gain for each Z and Z combination, of the ten 2N3S4-S measured, is shown in Figure 8 . * 
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for each transistor^ coupled with temperature coefficients not specifically evaluated for this transistor type. This could also explain the slight effect of load (Z ) on the gain variation^ since the load was varied with respect to a Z of 488 ohms, which would not have been the matched condition had accurately measured parameters and temperature coefficients for the 2N384 been used.
From the experimental results ? it is clearly evident that considerable improvement in the stabilisation of gain as a function of temperature can be obtained as the magnitude of Z approaches the value specified by the design criteria. However, for tnis improvement in gain stability some reduction in the overall gain of the system may result. The amount of gain reduction will be dependent upon the ratio of Z to the input impedance of the transistor (Z,,) as seen in figure 8 . Genelally, the smaller Z is with respect to Z , the higher the overall gain will be for a given^lnput signal. This will necessitate a compromise value for Z" in a multistage system, since Z will influence the effective load of the preceding stage.
CONCLUSIONS
Considerable improvement in gain -stability over wide temperature ranges can be obtained with the utilization of the design relationship developed in this investigation. The degree of optimization depends upon the accuracy with which the parameters and temperature coefficients for a particular transistor have been determined, the simplifyiftg apj>roximations, and the amount of gain loss allowed.
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